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TANK-binding kinase 1 (TBK1) plays an essential role in Toll-like receptor (TLR)- and 
retinoic acid-inducible gene I (RIG-l)-mediated induction of type I interferon (IFN; IFN-a/p) 
and host antiviral responses. How TBK1 activity is negatively regulated remains largely 
unknown. We report that TNF receptor-associated factor (TRAF)-interacting protein (TRIP) 
promotes proteasomal degradation of TBK1 and inhibits TLR3/4- and RIG-l-induced IFN-P 
signaling. TRIP knockdown resulted in augmented activation of IFN regulatory factor 3 (IRF3) 
and enhanced expression of IFN-p in TLR3/4- and RIG-l-activated primary peritoneal 
macrophages, whereas overexpression of TRIP had opposite effects. Consistently, TRIP 
impaired Sendai virus (SeV) infection-induced IRF3 activation and IFN-p production and 
promoted vesicular stomatitis virus (VSV) replication. As an E3 ubiquitin ligase, TRIP nega- 
tively regulated the cellular levels of TBK1 by directly binding to and promoting K48-linked 
polyubiquitination of TBK1. Therefore, we identified TRIP as a negative regulator in 
TLR3/4- and RIG-l-triggered antiviral responses and suggested TRIP as a potential target 
for the intervention of diseases with uncontrolled IFN-p production. 



kinases) and subsequent activation of TNF 
receptor-associated factor (TRAF) 6, allowing 
for the activation of NF-kB and mitogen- 
activated protein kinase (MAPK) pathways and 
the induction of proinflammatory cytokines 
(Medzhitov, 2001; Beutler et al, 2006; Kawai 
and Akira, 2010). TRIF is recruited to TLR3 
and TLR4 and activates an alternative pathway 
(TRlF-dependent pathway). TRIF associates 
with TANK-binding kinase 1 (TBKl) and acti- 
vates downstream IFN regulatory factor 3 (IRF3), 
mediating TLR3- and TLR4-activated type I 
IFN production (Medzhitov, 2001; Bender et al, 
2006; Kawai and Akira, 2010). RLRs comprise 
three cytoplasmic DExD— H-box RNA hehcases, 
RIG-I, melanoma differentiation-associated 
gene 5 (MDA5), and laboratory of genetics and 
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Host cells express various pattern recognition 
receptors (PRRs), including Toll-like recep- 
tors (TLRs) and retinoic acid— inducible gene I 
(RIG-I)— like helicases (RLRs), which sense 
invading pathogens (Akira et al., 2006; O'Neill, 
2008). Once recognition of microbial compo- 
nents, such as LPS, polyinosinic:polycytidylic 
acid (poly(I:C)), and viral RNA, TLRs, and 
RLRs, are activated, they initiate a series of 
signaling events leading to production of type I 
IFN (IFN-a/(3) and proinflanmiatory cytokines 
(Akira et al, 2006; O'Neill, 2008). 

TLRs recruit a set of intracellular TIR 
domain— containing adaptors, including myeloid 
differentiation factor 88 (MyD88) and TIR 
domain— containing adapter inducing IFN-p 
(TRIF; Medzhitov, 2001; Beutler et al., 2006; 
Kawai and Akira, 2010). MyD88 is a universal 
adaptor that activates inflammatory pathways; 
it is shared by all TLRs with the exception of 
TLR3. Recruitment of MyD88 leads to the 
phosphorylation of IRAKs (IL-IR— associated 



The Rockefeller University Press $30.00 

J. Exp. (Vied. 2012 Vol. 209 No. 10 1703-171 1 

www.jem.org/cgi/doi/10.1084/jem.20120024 



1703 



JEM 



LPS (h) 0 4 
TRIP 
Actin 




PBS poly(l:C) 



PBS 



IFN-v 



PBS 



IFN-v 



PBS LPS poly(l:C) 



Figure 1. TRIP negatively regulates TLR3/4- and RIG-l-induced IFN-p production. (A and B) RT-PCR and Western blot analysis of TRIP expression 
in mouse peritoneal macrophages stimulated with LPS for indicated time periods. (C) Western blot analysis of TRIP expression in mouse peritoneal macro- 
phages transfected with control siRNA or TRIP siRNA 1 or 2 for 36 h. (D) Mouse peritoneal macrophages were treated as in C and then stimulated with LPS or 
poly(l:C) for 6 h. ELISA analysis of IFN-p in the supernatants and quantitative RT-PCR analysis of IFN-p mRNA in peritoneal macrophages. (E) Mouse 
peritoneal macrophages were transfected with IFN-(3 reporter plasmid together with TRIP expression plasmid or control plasmid, and luciferase activity was 
analyzed after treatment with LPS or poly(l:C) for 6 h. (F) HEK293-TLR3 cells were treated as in E. (G) HEK293 cells treated with the indicated plasmids 
were transfected with poly(l:C) for the indicated time periods. IFN-p, TNF, and TRIP mRNA expression were analyzed by RT-PCR. (H) RAW264.7 cells were 
transfected with iNOS, GAS, or IFN-p reporter plasmid together with TRIP expression plasmid or control plasmid, and luciferase activity was analyzed 
after treatment as indicated for 6 h. **, P < 0.01 ; *, P < 0.05. Data are representative of three experiments (mean and SD of six samples in D, E, F, and I). 
Similar results were obtained in at least three independent experiments in A, B, C, and G. 



physiology 2 (LGP2; Takeuchi and Akira, 2009; Yoneyania 
and Fujita, 2009). The hehcases RIG-I and MDA5 have been 
found to recognize viral RNAs and poly(I:C) in the cytoplasm 
and subsequently recruit another antiviral signaUng adaptor, 
mitochondrial antiviral signaling protein (MAVS, also called 
IPS-1, Cardif, or VISA), to initiate IFN-P signaling (Yoneyania 
and Fujita, 2009; Takeuchi and Akira, 2009). 

Although fiiU activation of TLR and RIG-I signaling and 
secretion of type I IFNs are important for the elimination of 
invading microorganisms, inappropriate production of IFN-(3 
and proinflammatory cytokines might promote the develop- 
ment of immunopathological conditions (Banchereau and 
Pascual, 2006; Gonzalez-Navajas, et al., 2012).TBK1 is essential 
for both TLR and RLR signaling and is required for activa- 
tion of IRF3 and subsequent induction of IFN-(3 (Fitzgerald 
et al., 2003; Takeuchi and Akira, 2009). The active state of 



TBKl is tightly regulated by posttranslational modifications such 
as phosphorylation and ubiquitination. GSK-3P promoted 
TBKl dimerization and autophosphorylation in virus-triggered 
type I IFN induction and cellular antiviral response (Lei 
et al., 2010). Nrdpl mediates K63-linked polyubiquitina- 
tion and promotes TBKl kinase activity (Wang et al., 2009). 
The iiiindboiiib E3 ligases (MIBl and MIB2) have been 
proposed to activate TBKl by catalyzing its K63-linked 
polyubiquitylation (Li et al., 2011). During the revision of 
the manuscript, Cui et al. (2012) reported that NLRP4 
could recruit the E3 ubiquitin ligase DTX4 to TBKl for 
Lys48 (K48)-linked polyubiquitination, which led to deg- 
radation of TBKl. However, how TBKl activity is nega- 
tively regulated remains largely unknown. 

TRAF-interacting protein (TRIP, or TRAIP) was ini- 
tially identified as a TRAFl- and 2-interacting protein that 
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functions to inhibit NF-kB activation (Lee et al., 1997). 
TRIP contains an N-terniinal RING finger and coiled-coil 
and leucine zipper regions that bind TRAF-faniily proteins 
(Besse et al., 2007) and a C-temiinal region reported to interact 
with CYLD that facilitate the inhibition of TNF-mediated 
NF-kB activation (Regamey et al., 2003). TRIP interacts 
with the protein tyrosine kinase Syk and sensitizes cells to 
TNF-induced apoptosis (Zhou and Geahlen, 2009). TRIP plays 
important roles in the regulation of cell cycle progression 
and keratinocyte proliferation (Almeida et al., 2011). In ad- 
dition, TRIP-deficient mouse embryos died shortly after im- 
plantation as a result of proliferation defects and excessive cell 
death (Park et al, 2007). TRIP possesses RING-dependent 
Ub ligase activity (Besse et al., 2007), but its substrate and 
physiological functions remain largely unclear. 

In the present study, we identified TRIP as a new regula- 
tor in TLR3/4- and RIG-I— mediated IFN-(3 signaling and 
antiviral responses by mediating ubiquitination and degrada- 
tion of TBKl through the N-terminal RING domain. The 
identification of a physiological suppressor of TBKl provides 
an explanation on the inability of the kinase to activate the 
IFN pathways under physiological conditions. 

RESULTS AND DISCUSSION 

TRIP expression is induced by TLR stimulation in macrophages 

To determine the potential role of TRIP in TLR signaling, 
we analyzed its expression upon stimulation with TLR ago- 
nists. TRIP mRNA (Fig. 1 A) and protein (Fig. 1 B) expression 
were both significantly increased in mouse peritoneal macro- 
phages stimulated with LPS (TLR4 ligand) . TRIP expression 
was up-regulated after 4 h of stimulation and reached the 
peak level of expression at 8 h. After 24 h, TRIP expression 
declined to the basal level as in untreated cells. TRIP expres- 
sion was also up-regulated in mouse peritoneal macrophages 
stimulated with poly(I:C) (TLR3 ligand) or infected with 
Sendai virus (SeV; unpublished data). Collectively, these data 



indicate that TRIP 
up-regulated 



Figure 2. TRIP inhibits IRF3 activation. 

(A) Mouse peritoneal macrophages were 
transfected with IRF3 reporter plasmid 
together with TRIP expression plasmid or 
control plasmid, and luciferase activity was 
analyzed after treatment with LPS or poly(l:C) 
for 6 h. (B) HEK293 cells were transfected 
with IRF3 reporter plasmid together with 
control plasmid (Ctrl), TRIP WT plasmid, or 
TRIP point mutant plasmid (CA), and lucifer- 
ase activity was analyzed after transfection 
with poly(l:C) for 6 h. (C) HEK293 cells were 
transfected with RIG-I, MAVS, and TBKl, 
along with IRF3 reporter plasmid and TRIP 
plasmid, and luciferase activity was analyzed. 
(D) Western blot analysis of phosphorylated 
IRF3 and total IRF3 in HEK293 cells trans- 
fected with TRIP expression plasmid or control 
empty vector followed by transfected with 
poly(l:C). (E) Western blot analysis of phos- 
phorylated IRF3 and total IRF3 in mouse peri- 
toneal macrophages transfected with control 
siRNA (Ctrl) or TRIP siRNA (siRNA) and stimu- 
lated with poly(l:C). **, P < 0.01. Data are rep- 
resentative of three experiments (mean and 
SD of six samples in A, B, and C). Similar results 
were obtained in at least three independent 
experiments in D and E. 



was 

after TLR activa- 
tion and SeV infec- 
tion in macrophages, 
raising a possibility 
that TRIP may be involved in this signaling transduction. 

A previous study identified the localization of over- 
expressed TRIP as predominantly perinuclear in COS-7 cells 
(Regamey et al., 2003). Another study identified that endog- 
enous TRIP and exogenously overexpressedTRIP predom- 
inantly localize in the nucleus in MCF7 cells and a small 
portion ofTRIP localizes in punctate cytoplasmic structures 
(Zhou and Geahlen, 2009). To investigate the subcellular locali- 
zation ofTRIP, GFP-TRIP was transfected into HeLa cells, 
followed by immunofluorescence staining and microscopic 
analysis. We found that TRIP was presented by small speck- 
led structures diffused throughout the cell and that its ex- 
pression pattern remains unchanged after TLR4 activation 
(unpublished data). Collectively, these data indicate that TRIP 
diffused in the whole cytoplasm and nucleus. 

TRIP negatively regulates TLR3/4- 
and RIG-l-induced IFN-P production 

To investigate whether TRIP plays a role in TLR signaHng, we 
initially examined the effects ofTRIP on LPS- and poly(I:C)- 
iiiduced IFN-(3 production in macrophages. Two synthesized 
interfering RNAs targeting mouse TRIP were used to suppress 
endogenous TRIP expression. TRIP expression was signifi- 
cantly decreased with transfection ofTRIP specific small 
interference RNAs (siRNAs; Fig. 1 C).TRIP knockdown sub- 
stantially increased LPS- and poly(I:C)-induced IFN-(5 pro- 
duction in mouse peritoneal macrophages at both mRNA 
and protein levels (Fig. 1 D).TRIP siRNA 1, which has a 
higher efficiency to knockdown TRIP expression (Fig.lC), has 
a greater potential to increase the TLR3/4-induced IFN-(3 
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production (Fig. 1 D). Therefore, TRIP siRNA 1 was used in 
the following experiments. To further confirm the negatively 
regulatory role of TRIP in TLR3/4-mediated IFN-(3 pro- 
duction, the effect ofTRIP on LPS- and poly(I:C)-induced 
IFN-P luciferase reporter gene expression was analyzed by 
dual-luciferase reporter assay. TRIP overexpression signifi- 
cantly decreased LPS- and poly(I:C)-induced IFN-(3 reporter 
activation in mouse peritoneal macrophages (Fig. 1 E). Con- 
sistently, TRIP overexpression also significantly decreased 
poly(I:C)-induced IFN-P reporter activation in HEK293- 
TLR3 cells (Fig. 1 F). 

RIG-I is a key PRR for the detection of RNA virus 
(such as SeV and vesicular stomatitis virus [VSV]) and 
poly(I:C) (Yoneyama and Fujita, 2009;Takeuchi and Akira, 
2009). To address the physiological function ofTRIP in 
RIG-I— induced IFN-P production, HEK293 cells were 



Figure 3. TRIP Targets TBK1 for degradation. 

(A) HEK293 cells were transfected with RIG-I, MAVS, 
TBKI, TRIP, and MDA5 along with TRIP plasmid, and 
IPN-p mRNA was analyzed by RT-PCR. (B) HEK293 
cells were transfected with TRIP, RIG-I, MAVS, TBKI, 
and IRP3 5D along with IPN-p reporter plasmid and 
TRIP plasmid, and luciferase activity was analyzed. 

(C) Western blot analysis of the expression of TBKI, 
IRP3, STAT1, and TRAP3 in peritoneal macrophages 
transfected with control siRNA or TRIP siRNA and 
then stimulated with LPS or poly (l:C) for 6 h. 

(D) Western blot analysis of the expression of TBKI, 
TRAF3, and TRAF6 in RAW264.7 cells stably trans- 
fected with control or HA-TRIP plasmid and then 
stimulated with LPS for indicated time periods 

(E) Western blot analysis of TBKI orTRAF3 expression 
in HEK293 cells cotransfected with HA-TBKl or Myc- 
TRAF3 and Flag-TRIP or vector control and then 
treated with proteasome inhibitor MG-132 for 4 h. 

(F) In vitro kinase assays of TBKI in the lysates of 
peritoneal macrophages transfected with control 
siRNA or TRIP siRNA 1 and then stimulated with LPS 
for 30 min, assessed with the substrates MBP (for 
TBKI). **, P < 0.01. Data are representative of three 
experiments (mean and SD of six samples in B and F). 
Similar results were obtained in at least three inde- 
pendent experiments in A, C, D, and E. 

transfected with poly(I:C) to activate RIG-I 
signaling. RIG-I— induced up-regulation of 
IFN-P and TNF was attenuated in TRIP- 
overexpression HEK293 cells (Fig. 1 G). 

To investigate whether TRIP specifically 
inhibited TLR and RLR pathways, we ob- 
served the effect ofTRIP on IFN-7— induced 
activation of GAS and iNOS promoter 
reporter in RAW264.7 cells. TRIP could 
not inhibit IFN-7— induced activation of 
GAS reporter and iNOS reporter (Fig. 1 H). 
As a parallel control, TRIP overexpres- 
sion was significantly decreased LPS- and 
poly(I:C)-induced IFN-P reporter activa- 
tion in RAW264.7 cells (Fig. 1 H). Col- 
lectively, these data indicate that TRIP specifically repress 
TLR3/4- and RIG-I-induced IFN-P signahng. 

TRIP inhibits IRF3 activation 

IRF3 is the key transcription factor that mediates the expression 
of IFN-P in TLR3/ 4- and RIG-I— mediated signal transduc- 
tion (Doyle et al., 2002; Yoneyama and Fujita, 2009). We then 
observed the effect ofTRIP on IRF3 activation. TRIP signifi- 
cantly inhibited LPS- and poly(I:C)-induced IRF3 reporter 
activation in mouse peritoneal macrophages (Fig. 2 A). To ad- 
dress the fiinction ofTRIP in RIG-I— induced IRF3 activation, 
HEK293 cells were transfected with poly(I:C) to activated 
RIG-I signaling. TRIP significantly attenuated RIG-I— induced 
IRF3 reporter activation (Fig. 2 B) . TRIP also significantly in- 
hibited RIG-I-, MAVS-, and TBKI -dependent IRF3 activa- 
tion (Fig. 2 C) . Furthermore, TRIP overexpression inhibited 
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Figure 4. TRIP promotes K48-linked ubiquitination and proteasomal degradation of TBK1. (A) Lysatesfrom HEK293 cells transiently cotransfected with 
Flag-TRIP and Myc-TBKI, Myc-IRF3, or Myc-TRAFS expression plasmids were subjected to immunoprecipitation with anti-Flag antibody followed by Western blot 
analysis with anti-Myc antibody. (B) Lysates from mouse peritoneal macrophages stimulated with LPS for indicated time periods were subjected to immuno- 
precipitation with anti-TBKl or control IgG followed by Western blot analysis with anti-TRIP antibody. Proteins in whole-cell lysate were used as positive control 
(Input). (C) Schematic diagram of TRIP WTand mutant constructs. TRIP WT contains a RING domain, two coiled-coil domains, and a C-terminal CYLD interacting 
domain. In mutant CA, the cysteine residues at positions 7, 10, 25, 33, and 46 within the RING domain were substituted with alanine. In mutant AC51, the RING 
domain was simply deleted. (D) Lysates from HEK293 cells transiently cotransfected with Myc-TBKI, Flag-TRIP WT, or TRIP CA, and HA-Ub plasmids were 
subjected to immunoprecipitation with anti-Myc antibody followed by Western blot analysis with anti-HA antibody. (E) Lysates from HEK293 cells transiently 
cotransfected with Myc-TBKl, Flag-TRIP, or vector control, and HA-Ub (WT), HA-Ub (K48), or HA-Ub (K63) plasmids were subjected to immunoprecipitation with 
anti-Myc antibody followed by Western blot analysis with anti-HA antibody (F) Western blot analysis of TBK1 expression in HEK293 cells cotransfected 
with HA-TBKl and Flag-TRIP, Flag-TRIP AC51, or vector control. Similar results were obtained in three independent experiments in A, B, D, E, and F. 



RIG-I— induced phosphorylation of IRF3 in HEK293 cells 
(Fig. 2 D).To investigate the physiological function of TRIP 
in IRF3 activation, mouse peritoneal macrophages were 
transfected with TRIP siRNA l.TRIP knockdown substan- 
tially enhanced poly(I:C)-induced phosphorylation of IRF3 
(Fig. 2 E). All together, these data suggest that TRIP nega- 
tively regulates TLR- and RIG-I— induced IRF3 activation. 

TRIP targets TBK1 for degradation 

TLR3/ 4 and RIG-I recognize the microbial patterns and re- 
cruit adaptors TRIF and MAVS, respectively (Yoneyama and 
Fujita, 2009; Kawai and Akira, 20 10). TRIF and MAVS medi- 
ate IRF3 activation and IFN-|3 production through a com- 
plex cascade composed of various molecules including TRIF, 
MAVS.TBKl, and IRF3 (Yoneyama and Fujita, 2009; Kawai 
and Akira, 2010). To determine the molecular targets of TRIP 
in TLR- and RIG-I— induced IFN-P signaling, the effects of 
TRIP on the IFN-|3 expression mediated by various adaptors 



were examined. TRIP inhibited RIG-I- MAVS-, TBK1-, 
TRIF-, and MDA5-iiiduced IFN-|3 mRNA expression (Fig. 3 A). 
Consistently, TRIF-, RIG-I-, MAVS-, and TBKl-induced 
IFN-(3 promoter activation were also significantly inhibited 
by TRIP overexpression (Fig. 3 B). Previous investigations 
showed thatWT IRF-3 induces marginal levels of type I IFN 
(Lin et al., 1999). In contrast, the IRF-3 5D mutant, in which 
residues at positions 396, 398, 402, 404, and 405 were replaced 
by the phosphomimetic aspartate amino acid, induces strong 
activation of the IFN-(3 promoter (Lin et al., 1999).We exam- 
ined the effects of TRIP on the IFN-P promoter activation 
mediated by IRF3 using IRF3 5D mutation. IRF3-induced 
IFN- (3 promoter activation remains unchanged by TRIP 
overexpression (Fig. 3 B) . Therefore, we conclude that TRIP 
targets molecules upstream of IRF3. 

To clarify TRIP target, the function of TRIP on the degra- 
dation of the molecules involved in TLR3/4 and RIG-I signal- 
ing was investigated. TRIP knockdown greatly increased TBKl 
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protein level in peritoneal macrophages (Fig. 3 C). IRF3, 
STATl, andTRAF3 protein levels were not impaired. Con- 
sistently, TBKl protein level in TRIP stable transfection 
RAW264.7 cells was greatly decreased (Fig. 3 D).TRAF3 and 
TRAF6 protein levels were not changed. Therefore, we specu- 
late that TBKl may be a TRIP target. To confimi, TRIP targets 
TBKl, HA-TBKl, and Flag-TRIP were cotransfected into 
HEK293 cells. TRIP promoted degradation of TBKl (Fig. 3 E). 
As a control, TRIP overexpression had no effects on TRAF3 
expression. To detemiine whether TRIP inhibits TBKl activ- 
ity, in vitro kinase assay of TBKl was assessed with myelin basic 
protein (MBP) as substrate. As expected, LPS stimulation could 
increase TBKl kinase activity; remarkably, TBKl kinase activity 
was further increased in TRIP siRNA-transfected macrophages 
after LPS stimulation (Fig. 3 F). AH together, these data indicate 
that TRIP targets TBKl for degradation to inhibit TLR- and 
RIG-I— induced expression of IFN-(3. 

TRIP promotes K48-lmked ubiquitination 
and proteasomal degradation of TBK1 

Protein ubiquitination is a crucial posttranscriptional modi- 
fication to provide specificity and regulate the intensity of 
TLR signaling (Liu et al., 2005; Jiang and Chen, 2012). 
K48-linked protein ubiquitination leads to the degradation 
of the corresponding protein by 26S proteasome (Liu et al., 
2005; Jiang and Chen, 2012). Ubiquitination requires the 
sequential actions of three enzymes: Ub-activatiiig enzyme 
(El), Ub-conjugating enzyme (E2), and Ub ligase (E3), and 
the E3 ligase dictates which target protein gets ubiquitinated 
(Liu et al., 2005; Jiang and Chen, 2012). Several proteins 
possessing E3 ubiquitin ligase activity have been implicated 
in regulation of TLR and RLR pathways, such as Nrdpl 
(Wang et al., 2009), RAUL (Yu and Hayward, 2010), CHIP 
(Yang et al., 2011), and others. TRIP is a RING-dependent 
E3 ubiquitin ligase (Besse et al., 2007). Therefore, we specu- 
lated that TRIP promoted TBKl degradation through the 
ubiquitin— proteasome pathway. 

Physical binding to target proteins is a necessary step for 
E3 ligase to initiate ubiquitination. First, we investigated 
whether TRIP interacted with TBKl. Myc-TBKl, Myc- 
IRF3, or Myc-TRAF3 and Flag-TRIP were cotransfected 
into HEK293 cells, and immunoprecipitation experiments 
were performed with Flag antibody. TBKl was coprecipi- 
tated with TRIP (Fig. 4 A). As a negative control, IRF3 was 
not coprecipitated with TRIP. As a positive control, TRAF3 
was coprecipitated with TRIP, consistent with a previous 
study (Besse et al., 2007). Endogenous interaction was exam- 
ined in mouse peritoneal macrophages stimulated with LPS 
for indicated time periods, followed by immunoprecipitation 
with TBKl antibody TBKl interacted with TRIP in both 
LPS-stimulated and nonstimulated cells (Fig. 4 B).The inter- 
action could not be detected with control IgG. Consistently, 
immuno staining experiments also demonstrated the colocal- 
ization between TBKl and TRIP before and after LPS stimu- 
lation or SeV infection (unpublished data). Collectively, these 
results show that TRIP binds directly to TBKl . 



To test the role of TRIP in TBKl ubiquitination and deg- 
radation, we constructed various TRIP mutants (Fig. 4 C). In 
mutant CA, the cysteine residues at positions 7, 10, 25, 33, and 
46 within the RING domain were substituted with alanine. 
AC51 lacks the RING domain. TRIP markedly increased poly- 
ubiquitiiiation of TBKl (Fig. 4 D, lane 3). In contrast, the TRIP 
CA lost the ability to promote polyubiquitination of TBKl 
(Fig. 4 D, lane 5), indicating that the RING-finger domain is 
required for the TRIP-mediated ubiquitination of TBKl. 

To investigate the forms of TRIP-mediated polyubiqui- 
tination of TBKl, ubiquitin mutant vectors K48 and K63, 
which contain arginine substitutions of all of its lysine residues 
except the one at position 48 and 63, respectively, were used 
in the transfection assays. TRIP-mediated polyubiquitination 
of TBKl was significantly increased in the presence of both 
WT and K48 mutant ubiquitin plasmids (Fig. 4 E, lane 3 and 6), 
but not in the presence of K63 mutant ubiquitin plasmid, 
indicating that TRIP mediates K48-linked ubiquitination of 
TBKl. K48-linked polyubiquitination leads to the degrada- 
tion of target proteins through 26S proteasome. Consistently, 
TRIP-induced degradation of TBKl could be reversed by 
proteasome inhibitor MG-1 32 (Fig. 3 E). Furthermore, TRIP 
mutant AC51 lost the ability to promote degradation of TBKl 
(Fig. 4 F) . All together, these data demonstrate that TRIP in- 
teracts with TBKl and mediates K48-linked ubiquitination 
and degradation through the E3 hgase activity. 

TRIP negatively regulates cellular antiviral response 

Type I IFNs (IFN-a/(3) play critical roles in the immune 
responses against viral infection. We further investigated the 
potential role of TRIP in cellular antiviral responses. TRIP 
inhibited IFN-(3 and RNATES expression in HEK293 cells 
infected with SeV (Fig. 5 A). Consistently, TRIP inhibited 
SeV-induced IFN-(3 and IRF3 promoter activation and TRIP 
CA mutant lost the inhibitory effects (Fig. 5 B). Importantly, 
SeV-induced IRF3 dimerization was significantly attenuated 
by transfection of TRIP expression plasmid in HEK293 cells 
(Fig. 5 C). Furthermore, SeV-induced IFN-|3 and RNATES 
expression was significantly enhanced by TRIP knockdown 
in peritoneal macrophages (Fig. 5 D). TBKl protein level 
was greatly decreased in SeV-infected HEK293 cells with 
TRIP overexpression (Fig. 5 E). In contrast, IRF3, TRAF3, 
and STATl levels remain unchanged. Consistent with the 
observation ofTRIP-mediated decrease ofTBKl expression, 
TRIP knockdown greatly increased TBKl kinase activity 
after SeV infection (Fig. 5 F). 

To directly investigate the effects of TRIP on antiviral 
responses, VSV, a kind of single-stranded RNA virus recog- 
nized by RIG-I, was used to infect HEK293 cells and macro- 
phages. Plaque assay of HEK293 cells infected with VSV 
showed that TRIP overexpression substantially increased 
viral replication in the presence of poly(I:C) (Fig. 5 G). In sharp 
contrast, TRIP mutant CA could not increase viral replica- 
tion (Fig. 5 G). Similarly, VSV RNA replicates were gready 
increased in TRIP-transfected cells compared with control 
vector- or TRIP CA-transfected cells (Fig. 5 G). To further 
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Figure 5. TRIP negatively regulates cellular antiviral response. (A) HEK293 cells transfected with the indicated plasmids were infected with SeVfor 12 h. 
IFN-(J, RANTES, and TRIP mRNA expressions were analyzed by RT-PCR. (B) HEK293 cells were transfected with IFN-p or IRF3 reporter together with TRIP or 
control plasmid, and luciferase activity was analyzed after infection with SeV for 1 2 h. (C) HEK293 cells were transfected with the indicated plasmids. 24 h 
after transfection, cells were infected with SeV or left uninfected for 6 h. Cell lysates were separated by native (top) or SDS (bottom two) PAGE and analyzed 
by immunoblotting with the indicated antibodies. (D) Mouse peritoneal macrophages were transfected with control siRNA or TRIP siRNA for 36 h. Quantita- 
tive RT-PCR analysis of IFN-p and RANTES mRNA in peritoneal macrophages infected with SeV for indicated time periods. (E) Western blot analysis of the 
expression of TBKl, IRF3, TRAF3, and STAT1 in HEK293 cells transfected with control or Flag-TRIP plasmid and then infected with SeV for indicated time peri- 
ods. (F) In vitro kinase assays of TBKl in the lysates of peritoneal macrophages transfected with control siRNA or TRIP siRNA 1 and then infected with SeVfor 
2 h, assessed with the substrates MBP (for TBKl). (G) HEK293 cells were transfected with the indicated plasmids. 24 h later, cells were further transfected with 
0.1 pg poly(l:C). 18 h later, cells were infected with VSV (MOI, 0.1), and the supernatants were harvested at 12 h after infection. Supernatants were analyzed 
for VSV titers. Intracellular VSV RNA replicates were measured by quantitative RT-PCR. (H) Mouse peritoneal macrophages were transfected with control 
siRNA (Ctrl) or TRIP siRNA (siRNA). VSV titers and intracellular VSV RNA replicates were measured as in G. **, P < 0.01. Data are representative of three experi- 
ments (mean and SD of triplicate samples in B, D, F, G, and H). Similar results were obtained in three independent experiments in A, C, and E. 



confirm the function of TRIP on VSV replication under 
physiological condition, TRIP expression was silenced by 
TRIP siRNA in mouse peritoneal macrophages, and then 
the macrophages were infected with VSV. TRIP knockdown 
greatly decreased VSV viral replication in macrophages in 
the presence or absence of poly(I:C) (Fig. 5 H). Accordingly, 
TRIP knockdown significantly decreased intracellular VSV 



RNA rephcates (Fig. 5 H). Collectively, these data demon- 
strate that TRIP negatively regulates cellular antiviral response 
by inhibiting IFN-(3 expression. 

Given the important roles of IFN-(3 in host antiviral im- 
munity, virus may escape immune surveillance by modulating 
TRIP expression in the infected cells, and then feedback may 
inhibit the innate immune response against itself. In contrast. 
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excessive IFN-p production has manifested in diverse patho- 
genic autoimmune diseases (Banchereau and Pascual, 2006; 
Gonzalez-Navajas, et al., 2012). Our results demonstrate 
TBKl as a substrate of TRIP, provide a strategy to down- 
regulate IFN-p production, and they suggest that TRIP may 
have therapeutic potential for the intervention of diseases 
with uncontrolled IFN-p production. 

MATERIALS AND METHODS 

Mice, cells, and reagents. C57BL/6J niice were obtained from Joint Ven- 
tures Sipper BK Experimental Animal. All animal experiments were under- 
taken in accordance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals, with the approval of the Scientific hi- 
vestigation Board of Medical School of Shandong LJniversity. Mouse macro- 
phage cell line RAW264.7, human LIEK293 cells, and HeLa cells were 
obtained from American Type Culture Collection. LIEK293-TLR3 cell lines 
were obtained from InvivoGen. Mouse primary peritoneal macrophages were 
prepared as previously described (Zhao et al., 2012). The cells were cultured 
at 37°C under 5% CO2 m DME supplemented with 10% FCS (Invitrogen), 
100 U/ml penicillin, and 100 |ag/ml streptomycin. MG132 and LPS {Escherichia 
coli, 055:B5) were purchased from Sigma-Aldrich. Poly (I:C) was purchased 
from InvivoGen. IFN-7 was from PeproTech. LPS, poly(I:C), and IFN-^ 
were used at a final concentration of 100 ng/ml, 10 |ag/ml, and 100 U/nil, 
respectively. For transfection, poly{I:C) was used at a final concentration of 
1 i^g/ml.The antibodies specific for IRF3,TRAF3,TRAF6, p-actm, HA, and 
protein G agarose used for imniunoprecipitation were from Santa Cruz Bio- 
technology, Inc. The antibodies specific to Myc,TBKl, STATl, and phospho- 
IRF3 were from Cell Signaling Technology. The antibody for Flag was from 
Sigma-Aldrich. The antibody for TRIP was from Abeam. Their respective 
horseradish peroxidase—conjugated secondary antibodies were purchased from 
Santa Cruz Biotechnology, Inc. 

Sequences, plasmid constructs, and transfection. TRIP cDNA was 
amphfied from RAW264.7 cells by PGR and cloned in pCMV6-Flag, 
pCMV-HA, and pEGFP plasmids (Promega).The primers used were 5'-CCAA- 
GCTTATGCCTATCCGCGCTCTGTG-3' and 5'-GGTCTAGAT- 
TACTGACATAAGAAGGTAT-3'. The TRIP CA,TRIP AC51, and IRF3 
5D mutations were generated using the KOD-Plus-Mutagenesis kit (Toyobo). 
In mutant CA, the cysteine residues at positions 7, 10, 25, 33, and 46 within 
the RING domain were substituted with alanine. AC51 lacks the RING do- 
main. AH constructs were confirmed by DNA sequencing. IFN-^ and IRF3 
reporter plasmids and TBKl and TRIE plasmids were gifts from X. Cao 
(Second MiHtary Medical University, Shanghai, China). The IRF3 reporter 
plasmids are composed of two plasmids, p-55UASGLuc and p-EFGAL4/ 
IRF3, as previously described (Zhao et al., 2011). Expression vectors for 
HA-Ub WT and mutant K48, K63 were from H. Xiao (Institute Pasteur of 
Shanghai, Chinese Academy of Sciences, China). Expression plasmids for RIG-I, 
MDA5, and MAVS were provided by Z. Jiang (Peking University, Beijing, 
China). TRAF3 expression plasmid was a gift from M. Karin (University 
of California, San Diego, San Diego, CA). GAS and iNOS reporter plas- 
mids were purchased from Stratagene. For transient transfection of plasmids 
into RAW264.7 cells, jetPEI reagents were used (Polyplus-transfection). 
For transient silencing, duplexes of siRNA were transfected into peritoneal 
macrophages v«th the GenePORTER 2 Transfection Reagent (Genlantis) 
according to the standard protocol. Target sequences for transient silenc- 
ing were 5'-GCGGCAGGAUGAGACCAAA-3'(siRNA 1) and 5'-GGCC- 
AAGAGUAAACAGAAA-3'(siRNA 2) for TRIP, and scrambled control 
sequences were 5'-UUCUCCGAACGUGUCACGU-3'. For stable 
selection of cell lines overexpressing TRIP, transfected RAW264.7 mac- 
rophages were selected with 800 )j.g/ml G418 and were pooled for fur- 
ther experiments. 

ELISA and RT-PCR. The concentrations of IFN-p in culture superna- 
tants were measured by ELISA kits (R&D Systems). Total RNA was 



extracted with TRIzol reagent according to the manufacturer's instructions 
(Invitrogen). A LightCycler (ABI PRISM 7000; Apphed Biosciences) and 
a SYBR RT-PCR kit (Takara Bio, Inc.) were used for quantitative RT- 
PCR analysis. Specific primers used for RT-PCR assays were 5'-CAA- 
CAAGTGTCTCCTCCAAAT-3' and 5'-TCTCCTCAGGGATGTCA- 
AAG-3' for h-IFN-^, 5'-TGAAGAGGACCTGGGAGTAGATGA-3' 
and5'-CAGGCAGTCAGATCATCTTCTCGA-3' forh-TNF, 5'-ATCT- 
GCCTCCCCATATTCCTCGGA-3'and5'-TTCGGGTGACAAAGAC- 
GACTGCTG-3' for h-RANTES, 5'-AGTGCCGAATCCAGGTTG-3' 
and 5'-GCGTATCCCGCAGAGTGT-3' for h-TRIP, 5'-GGAAATC- 
GTGCGTGACATTAA-3' and 5'-AGGAAGGAAGGCTGGAAGAG-3' 
for h-actin, 5'-ATGAGTGGTGGTTGCAGGC-3' and 5'-TGACCT- 
TTCAAATGCAGTAGATTCA-3' form-IFN-^, 5'-CCTGCTGCTTT- 
GCCTACCTCT-3' and 5'-GTATTCTTGAACCCACTTCTTCTCTG-3' 
for m-RANTES, and 5'-TGTTACCAACTGGGACGACA-3' and 5'-CTG- 
GGTCATCTTTTCACGGT-3' for m-actin. 

Immunoprecipitation and Western blot analysis. For inimuno- 
precipitation, whole-cell extracts were collected 36 h after transfection and 
were lysed in immunoprecipitation buffer containing 1.0% (vol/vol) 
Nomdet P 40, 50 niM Tris-HCI, pH 7.4, 50 niM EDTA, 150 niM NaCI, 
and a protease inhibitor cocktail (Merck). After centrifugation for 10 min 
at 14,000 supernatants were collected and incubated with protein G 
Plus— Agarose Immunoprecipitation reagent (Santa Cruz Biotechnology, 
Inc.) together with 1 \xg monoclonal anti-Flag or 1 \ig anti-Myc. After 6 h 
of incubation, beads were washed five times with immunoprecipitation 
buffer. Immunoprecipitates were eluted by boiling with 1% (wt/vol) 
SDS sample buffer. For Western blot analysis, immunoprecipitates or 
whole-cell lysates were loaded and subjected to SDS-PAGE, transferred 
onto nitrocellulose membranes, and then blotted as described previously 
(Zhao et aL, 2012). 

Native PAGE. The IRF3 dimerization assay was performed as described 
previously with a modification (Mori et al., 2004). In brief, HEK293 cells 
were harvested with 30 ml of ice-cold lysis buffer (50 niM Tris/HCl, pH 7.5, 
150 niM NaCI, and 0.5% NP-40 containing protease inhibitor cocktail). After 
centrifugation at 13,000 g for 10 min, supernatants were quantified using a 
BCA assay (Themio Fisher Scientific) and diluted with 2X native PAGE sample 
buffer (125 niM Tris/HCI, pH 6.8, 30% glycerol, and 0.1% Bromophenol 
blue), and then 20 f.ig of total protein was applied to a prerun 7.5% native gel 
for separation. After electrophoresis, the proteins were transferred onto a nitro- 
cellulose membrane for imniunoblotting. 

Assay of luciferase activity. Luciferase activity was measured with the 
Dual-Luciferase Reporter Assay system according to the manufacturer's in- 
structions (Promega) as described previously (Zhao et al., 2011). Data were 
normalized for transfection efficiency by division of firefly luciferase activity 
with that of ReniUa luciferase. 

In vitro kinase assay. Protein in total cell extracts was immunoprecipi- 
tated with anti-TBKl antibody plus protein G beads by gentle rocking 
for 2 h at 4°C followed by centrifugation for 5 min at 4°C. Pellets were 
washed with lysis buffer (20 mMTris-HCI, pH 7.4, 150 niM NaCI, 1 niM 
EDTA, 1% vol/ vol Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM 
b -glycerophosphate, 1 niM Na3V04, and 1 mM phenylmethylsulfonyl fluor- 
ide). Each washed pellet was resuspended for 30 min at 30°C in kinase 
assay buffer (25 niM Tris-HCI, pH 7.5, 5 niM b-glycerophosphate, 2 mM 
dithiothreitol, 0.1 mM Na3V04, and 10 mM MgCy.TBKl kinase activ- 
ity was assayed with ADP-Glo and TBKl Kinase Enzyme System accord- 
ing to the manufacturer's instructions (Promega). 

Ubiquitination assays. For analysis of the ubiquitinadon of TBKl, HEK293 
cells were transfected with Myc-TBKl, HA-Ub (WT), or HA-Ub mutants 
and Flag-TRIP WT or Flag-TRIP CA, and then whole-cell extracts were 
immunoprecipitated with aiiti-Myc and analyzed by immuiioblot with 
anti-HA antibody. 
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VSV plaque assay and detection of virus replication. VSV plaque assay 
was performed as previously described (Zhao et al., 2012). The HEK293 cells 
(2 X 10^) were transfected with the indicated plasniids for 36 h before VSV 
infection (MOl of 0.1). At 1 h after infection, cells were washed with PBS 
three times and dien medium was added. The supernatants were harvested 24 h 
after washing. The supernatants were diluted 1:10^ and then used to infect 
confluent HEK293 cells cultured on 24-well plates. At 1 h after infection, the 
supernatant was removed, and 3% methylceUulose was overlaid. At 3 d after 
infection, overlay was removed, and cells were fixed with 4% formaldehyde 
for 20 niin and stained with 0.2% crystal violet. Plaques were counted, 
averaged, and multiplied by the dilution factor to determine viral titer as 
LOGIO (pfu/ml). Total HEK293 cellular RNA was extracted andVSV RNA 
rephcates were examined by quantitative RT-PCR as previously described 
(Zhao et al., 2012). Primers for VSV were as follows: 5'-ACGGCGTACTTC- 
CAGATGG-3' (sense) and 5'-CTCGGTTCAAGATCCAGGT-3' (antisense). 

Statistical analysis. All data are presented as mean ± SD of three or four 
experiments. Statistical significance was determined with the two-tailed 
Student's t test, with a P value of <0.05 considered statistically significant. 
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